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Injured tissues can replace damaged cells by proliferating. In this issue of Developmental Cell, Bossing et al.
(2012) provide evidence that developing nervous system cells sense injury using their microtubule cytoskel-
eton and respond by dividing to replace the missing cells.Organisms have remarkably diverse
potentials to repair and regenerate after
injury (Sa´nchez Alvarado and Tsonis,
2006). While humans are on the limited
end of this range, many vertebrates can
regrow limbs, and even small bits of
planarian tissue can regenerate the entire
organism.While we can no longer perform
such feats, evolutionary evidence sug-
gests that at one time our ancestors
were able to (Bely, 2010). Perhaps regen-
eration mechanisms might still be avail-
able to us, if only they could be unlocked.
To answer this question, we must first
understand the processes that underlie
regeneration, which range from wound
sensing to proliferation and differentiation
(Gurtner et al., 2008).
The cells of the nervous system are
of particular interest for repair. Besides
the possibility of treating traumas such
as stroke or spinal cord injuries, nervous
system repair can be a prerequisite for
complex regeneration processes (Carl-
son, 2007). In this issue of Developmental
Cell, Bossing et al. (2012) present a
striking example in which the microtubule
cytoskeleton is used to sense the need for
nervous system repair.
In this study, Bossing and colleagues
examined nervous system repair in the
developmental context of the embryonic
Drosophila midline, a structure similar to
the vertebrate floor plate (Bossing and
Technau, 1994). During development,
midline cells arrest after DNA duplication
in the G2 cell-cycle phase, and the focus
of this study was to ask how the tissue
responds tomidline cell ablation. Interest-
ingly, the authors found that removal
of undifferentiated midline cells induces
cells adjacent to the wound to release
from G2 arrest and replace their missing
siblings, perhaps as part of an intrinsic
cell-counting mechanism that can also
be exploited for repair.How do cells adjacent to the ablation
site sense the need for cell replacement
and begin to divide? Loss of contact inhi-
bition is a good guess, but an incorrect
one, according to Bossing et al. (2012).
To identify potential sensing factors used
by these cells, the authors used single-
cell transcriptional profiling to measure
differences in cells adjacent to the wound
and found two interesting candidates:
transcripts for Mitochondrial Rho (Miro)
are highly reduced, while those for Dro-
sophila Jun are increased in abundance.
Miro is a mitochondrial outer membrane
protein that links microtubule motors to
mitochondrial transport, possibly in re-
sponse to changes in calcium ion con-
centration (Reis et al., 2009). The Jun tran-
scription factor is typically associated
with apoptotic pathways (Dhanasekaran
and Reddy, 2008) but can also partici-
pate in axon regeneration pathways (Rai-
vich et al., 2004). These transcriptional
changes provide clues as to how division
might be induced in neighboring cells.
But what do these clues tell us? Boss-
ing et al. (2012) find that midline cells
from miro mutants divide more frequently
than their wild-type counterparts, vali-
dating the transcriptional correlation and
demonstrating a requirement for Miro in
G2 phase maintenance. How might a
protein involved in mitochondrial trans-
port prevent cell-cycle progression?
Structurally, Miro contains EF hand do-
mains for binding calcium ions and small
GTPase domains thatmediate scaffolding
interactions that bind and regulate the ki-
nesin motor protein (Wang and Schwarz,
2009). Although Miro is involved in mito-
chondrial movement, its connection to
the microtubule cytoskeleton appears to
be the function critical for cell-cycle main-
tenance. Bossing et al. demonstrate that
direct perturbation of microtubules in-
duces the quiescent midline cells toDevelopmental Cell 23divide, mimicking loss of Miro activity.
Midline divisions can be induced by
perturbing microtubules in a number of
ways, including by manipulating tubulin
subunit concentration or injection of
microtubule depolymerizing drugs. They
also noticed a surprising difference in a-
and b-tubulin localization in midline cells
near a wound site. While b-tubulin is
nearly absent in these cells, a-tubulin is
enriched in the cytoplasm, suggesting
an exotic mechanism involving tubulin
heterodimer dissociation.
How do the pieces of this process—
Miro, microtubules, and the cell-cycle
machinery—fit together? These new
results suggest an intriguing pathway.
Miro appears to be part of the sensing
mechanism, because midline cells with
reduced Miro have the same altered
tubulin subunit localization that occurs in
midline cells near a wound (i.e., Miro
acts upstream of microtubules). At the
other end of the pathway, the Jun tran-
scription factor appears to respond to
changes in the microtubule cytoskeleton
as a-tubulin expression increases Jun
transcript levels. Thus, a unique pathway
emerges in which wounding or cell abla-
tion reduces Miro function, which in turn
leads to loss of microtubule integrity and
ultimately entry into mitosis.
Each of the steps in this pathway rep-
resents fertile ground for further analysis.
The potential role of microtubules in
wound sensing in midline cells is particu-
larly intriguing. Bossing et al. (2012) spec-
ulate that mechanical effects from the
wounding process could release b-tubulin
from the cortex. Released b-tubulin sub-
units could regulate translation or release
a transcription factor that is necessary for
cell-cycle progression. In addition to the
role of microtubules, Miro’s function in
the sensing process is also fascinating,
because the connection between Miro, August 14, 2012 ª2012 Elsevier Inc. 233
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Could mitochondria be involved in sens-
ing damage or promoting microtubule
disassembly? The answers to these ques-
tions are likely to have implications
beyond wound repair and regeneration.
The broad range of regeneration poten-
tial that exists among animals begs the
question of whether multiple diverse re-
generation mechanisms exist. In that
sense, it will be interesting to see whether
the microtubule cytoskeleton is used
in other cells and tissues to sense and
respond to damage as it is in the Dro-
sophila midline. Furthermore, uncovering234 Developmental Cell 23, August 14, 2012the role of these pathways in normal
development will shed light on the in-
terplay between development and repair.REFERENCES
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Mitochondrial homeostasis is maintained by several quality control mechanisms, including an unfolded
protein response that in turn elicits a transcriptional response. In a recent issue of Science, Nargund et al.
(2012) propose a sensing mechanism for unfolded proteins’ accumulation in the mitochondrial matrix that
involves the mitochondrial protein import machinery.The mitochondrial proteome contains
approximately 1,000 (in yeast) to 1,500
(in humans) different proteins (Meisinger
et al., 2008). Because more than 99% of
these proteins are nuclear encoded and
posttranslationally imported into mito-
chondria, the protein import machinery
shoulders the task ofmaintaining themito-
chondrial proteome during biogenesis
and homeostasis. Most mitochondrial
precursor proteins contain N-terminal
targeting sequences that drive protein
import via the translocase of the outer
membrane (TOM complex) and the trans-
locase of the inner membrane (TIM23
complex), two highly conservedmachines
that constitute the main protein import
pathway (Neupert and Herrmann, 2007).
Deduced from their evolutionary origin,
mitochondria were, for a long time,
considered to be autonomous organellesand only marginally interconnected with
other cellular processes. Therefore, anal-
ysis of signaling mechanisms that adapt
mitochondrial homeostasis to changing
cellular demands had been neglected.
The view of mitochondria as secluded
organelles changed in the 1990s through
pioneering work in the laboratories of
Ron Butow and Nick Hoogenraad that
discovered the retrograde signaling
response and the mitochondrial unfolded
protein response (UPRmt), respectively
(Liu and Butow, 2006; Ryan and Hoogen-
raad, 2007). Both mechanisms alleviate
mitochondrial dysfunction by inducing
changes in nuclear gene transcription
and presented the first link between
mitochondrial homeostasis and a global
cellular stress response. Since then,
different pathways of mitochondria to
nucleus signaling, as well as many keyplayers involved in connecting mito-
chondrial stress to altered nuclear gene
expression, have been identified. How-
ever, the current understanding of these
pathways is far from being complete. For
example, an understanding of how mito-
chondrial stress can be sensed and
translated into a transcriptional response
has been lacking.
In a recent issue of Science, Nargund
et al. (2012) now propose a sensing
mechanism that perceives mitochondrial
deterioration in C. elegans, thereby as-
signing the mitochondrial protein import
machinery a role in mitochondria-to-
nucleus stress signal transfer. The tran-
scription factor ATFS-1 (activating tran-
scription factor associated with Stress-1,
formerly ZC376.7) is known to be required
for UPRmt. In the UPRmt signaling
cascade, it acts downstream of the
